Background: Extravasation injuries occurring in neonates can have severe consequences. Because many clinicians are not familiar with the vesicant-like effect of several commonly used medications, early extravasation wound management can be difficult. We aimed to share our experience with irritant-related and vesicant-related injuries leading to neonatal extravasation wounds.
Introduction
The intravenous approach is important for the administration of fluids and medications used to manage critically ill neonates. Successful placement of an intravenous cannula in a neonate requires skill [1] . However, regardless of the skill of healthcare providers, intravenous cannulation in neonates can be complicated by extravasation events. In many studies, the prevalence of at least one extravasation event in neonates was as high as 70% [2] [3] [4] . This high prevalence was attributable to the immature vasculature of premature infants, which makes the course of blood vessels less predictable and more vulnerable to damage compared with the blood vessels of adults [5] . During and after cannulation, the site does not remain fixed, which makes neonates vulnerable to extravasation.
Neonates are at increased risk for infection because of their immature tissues and thin vessel layers [6] . Furthermore, several substances such as vesicant fluids used in parenteral therapy can be harmful to body tissues and cause damage such as blistering or necrosis when extravasation occurs [7, 8] . Moreover, large volumes of intravenous fluid administered in relation to body volume might result in extravasation events.
Many intravenous fluids used for neonates can be categorized as either vesicants or
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irritants. For example, total parenteral nutrition fluids and many kinds of antibiotics act as vesicants [9] [10] [11] [12] . Treatment of extravasation injuries sustained by neonates remains highly problematic in many countries. However, evidence regarding the most appropriate protocol to minimize damage due to extravasation events is insufficient. Only a few studies have suggested wound manage procedures [8, [13] [14] [15] [16] [17] . Extravasation events involve severe complications such as the progression of a relatively mild wound (tissue edema, redness, or vasculitis) to skin necrosis or an abscess [18] . Despite the high prevalence of extravasation events and their severity, it seems that many medical teams do not know which intravenous fluid leads to severe consequences, which requires early intervention, and which treatment should be administered. We aimed to share our experience with irritant-related and vesicant-related injuries leading to neonatal extravasation wounds.
Methods
Thirty-six patients with extravasation events who were referred to the plastic and reconstructive surgery department from the neonatal intensive care unit between January 2012 and June 2017 were evaluated during this retrospective study. The study was approved by the Institutional Review Board of Hanyang University Hospital (IRB No. 2017-11-034) and performed in accordance with the principles of the Declaration of Helsinki. The informed consent was waived.
The following parameters were analyzed: sex, birth weight, days since the intravenous line was placed, type of intravenous fluid, wound severity, treatment, wound healing duration, use of systemic antibiotics, complications, and intravenous cannulation site. Wound severity was determined in the Plastic and Reconstructive Surgery department after the patients were referred from the neonatal intensive care unit (ICU). This may have resulted in a delay of 1 to 3 days after extravasation.
Total parenteral nutrition fluid, which included lipid emulsion (Intralipid, Fresenius Kabi, Austria), was involved in 20 of the extravasation patients. Antibiotic extravasation accidents occurred with ampicillin (3 cases), gentamicin sulfate plus ampicillin (2 cases), and piperacillin/tazobactam (2 cases). Total parenteral nutrition and antibiotics are classified as vesicants in neonates.
To stage extravasation wounds, we referred to a study by the Infusion Nurses Society [19] . However, patients with extravasation wounds were usually referred to the plastic surgery department 2 to 3 days after the extravasation event occurred. Therefore, it was difficult to conventionally classify the wounds. Because of this limitation, we categorized wounds from a clinical point of view.
Patients were categorized into four groups based on the nature of the wounds when they were referred to the Plastic and Reconstructive Surgery department. These categories included color change (level I), swelling and/or bulla formation (level II), skin abrasion and/or site infection (level III), and necrosis (level IV). Patients in level I and level II categories were managed using conservative dressings. Patients with a more clinically severe status (level III or level IV) were provided interventions such as hyaluronidase injection, incision, drainage, and debridement of necrotic materials (Table 1) . Millimeter grid paper was used to measure the surface area of wounds with complex shapes. Interventions included observation after dressing, hyaluronidase injection, aspiration or incision of bullae or abscess, and incision and debridement of necrotic materials.
A statistical analysis was performed using the SAS program version 9.4 (SAS Institute, Cary, NC, USA). Other analyses were performed using the chi-square test. Fisher exact test was also used when the sample size was insufficient to perform a chi-square test. The Wilcoxon rank-sum test, Kruskal-Wallis test, and Jonckheere-Terpstra one-sided test were also used. The most common intravenous cannulation site was the distal upper limb (50.0%), followed by the distal lower limb (22.2%), proximal upper limb (19.4%), and proximal lower limb (5.6%). Intravenous cannulation was performed on the scalp (2.8%) for one patient.
Total parenteral nutrition was the most common substance involved in extravasation events (20 patients, 59.0%), followed Wound healing duration refers to the time from the onset of the lesion to its cure; b) Cannulation duration means the duration of intravenous fluid infusion before lesion development. Number of patients extravasated antibiotics: ampicillin (3 cases), gentamicin sulfate+ampicillin (2 cases), piperacillin/tazobactam, vancomycin (2 cases). Jonckheere-Terpstra one-sided test.
by antibiotics (7 patients, 20.0%), iron hydroxyl-polymaltose complex (4 patients, 12.0%), and 5% dextrose (3 patients, 9.0%). The extravasated substance for two neonates was unknown because of insufficient charting (Table 3) . Table 4 shows factors related to wound severity. Neonatal birth weights were proportional to wound severity, and the relationship was statistically significant (P<0.05). Wound healing duration was proportional to wound severity. In the level I group, the mean duration was 9.8 days; in the level IV group, the mean duration was 29.7 days.
Lesion size increased gradually with the increasing level of wound severity, with the exception of level IV. The mean sizes were 267.5, 320.0, and 400.0 mm 2 for levels I, II, and III, respectively. In contrast, the mean lesion size for level IV was much smaller than those of the other levels (87.5 mm 2 ). Twenty-five patients were placed under observation, and their wounds were dressed until they healed. For five patients, hyaluronidase was injected immediately after extravasation was noted. Some wounds progressed to a state of necrosis; subsequently, six patients required surgical intervention for rapid healing of the wound site (including incision and drainage, debridement, and coverage with a local flap).
Eleven of the 36 patients underwent hyaluronidase injection or surgical intervention. These interventions prevented the wounds from progressing to a state of necrosis and significantly decreased wound severity (P<0.05).
Discussion
This study found that total parenteral nutrition and antibiotics were the most commonly implicated substances in extravasation events. Wound severity was higher for heavier neonates. Lesion sizes were larger for more severe wounds, except in cases of necrosis. Therefore, heavier neonates may be more vulnerable to more severe wounds because intravenous dosages are determined based on body weight.
Extravasation of nonvesicant drugs usually does not cause tissue damage. In contrast, extravasation of vesicant agents can cause severe tissue damage. Infusion of vesicants, such as total parenteral nutrition, low pH molecules, and hyperosmolar fluid, and some vesicant-acting antibiotics should be performed carefully. Injuries may occur due to hyperosmotic solutions that lead to compartment syndrome, concentrated electrolyte solutions that possibly prolong muscle depolarization and lead to ischemia, drugs that alter intracellular pH, and drugs that induce severe vasoconstriction and ischemia [20] .
Extravasation events are difficult to manage and can have a negative impact on neonatal patients. Therefore, early identification and treatment of such events are critical. Moreover, it is often difficult to predict the outcomes of extravasation events because they can be benign or severe.
Several previous studies have highlighted extravasation injuries, with up to 70% of injuries occurring in the upper limbs. In this study, we found a similar occurrence. The tendency of upper limb involvement likely reflects the easier access of intravenous fluid to the upper limb compared to the lower limb [4, 21] .
In this study, wound severity was also related to the duration of wound management. The greater the wound severity, the longer the time required for treatment. In addition, severe wounds tended to be larger than less severe wounds; in contrast, necrotized wounds were usually small. Necrosis requires demarcation, which ultimately makes wounds appear smaller. However, as previous data demonstrated, necrotized wounds become deeper and require longer healing time than other types of wounds [13] .
The mean time span between intravenous cannulation and extravasation events was 3.2 days (SD, 4.15 days), suggesting that cannulation sites should be carefully observed for at least this length of time (maximum, 7.35 days). This observation period might be sufficient to prevent neonatal extravasation wounds from forming.
Consistent with a previous study, the group in our study whose extravasated substance was total parenteral nutrition had a higher tendency for wounds that progressed in severity [1] . In our study, the group whose extravasated substance was iron hydroxyl-polymaltose complex tended to have less severe wounds compared to those of other groups.
This study included cases in which 5% dextrose water and iron hydroxyl-polymaltose caused extravasation injuries. Extravasation wounds due to iron-containing substances are rare. Rather than skin necrosis, pigmentation is usually associated with iron preparations [22] .
Clinicians usually manage extravasation wounds in one of four ways: observation and dressing (conservative treatment); hyaluronidase injection; aspiration; and incision [2, 23] . In our study, patients in the level IV group were initially managed with conservative dressings. This could explain the delayed diagnosis and intervention that ultimately allowed the wound to progress to a state of necrosis in this group. In the level II and level III groups, surgical intervention was relatively common.
According to a previous study, surgical interventions such as debridement and coverage with a local flap or incision and drainage might help stop wound progression [4] .
Vesicant extravasation incidents are increasing. Non-antineoplastic vesicants are problematic for neonates; however, hyaluronidase has an important role as an effective counter to these agents. Subcutaneous hyaluronidase injections can be used to attempt to break down connective tissue and facilitate the absorption of the extravasated fluid into the vascular and lymphatic systems. Some researchers recommended that the administration of these injections should occur within 1 hour of extravasation, and that they will decrease the severity of tissue damage caused by extravasations [24] . However, infected or inflamed lesions, extravasation of vasoconstrictive drugs, and hypersensitive conditions are contraindications for hyaluronidase injections.
Wound site infection is mostly caused by the Staphylococcus species. In the group of patients who were not administered systemic antibiotics. There was a higher tendency for the wounds to progress to level III compared to patients in which antibiotics were administered. None of the neonates who were administered early systemic antibiotics developed a level III wound. Therefore, systemic antibiotics on the day of injury appeared to prevent wound infections. However, aggressive use of antibiotics could lead to other complications such as antibiotic-associated diarrhea or antibiotic-resistant infections. Therefore, antibiotic injections for infection control of extravasated wounds must be carefully re-evaluated using an evidence-based method. Prevention and early management are extremely important in minimizing the harm done by neonatal extravasation events. Medical teams managing neonates should be aware of all irritants and vesicant agents. Total parenteral nutrition formulas and many antibiotics act as vesicant agents in neonates; therefore, the first intravenous site should be closely observed for at least 48 hours. Early management, such as cold massage, saline irrigation, hyaluronidase injection, infection prevention, necrotic tissue debridement, and incision and drainage procedures, should be performed.
This study had some limitations. The sample size was relatively small; therefore, it was difficult to determine relationships between extravasation substances, doses, and wound severity based on our results. Furthermore, by the time patients were referred to the plastic and reconstructive surgery department, wounds had already progressed and changed. Therefore, early wound evaluation was not possible. Additionally, early management according to the extravasated agents was insufficient. Because this study was retrospective, photographs of iron hydroxyl-polymaltose extravasation were not obtained. Moreover, thermal therapy has been proven to be beneficial in the injured area [25] . However, in this study, we only performed hyaluronidase injection, incision and drainage, or debridement and coverage with a local flap as treatment.
In conclusion, the medical team must be aware that many intravenous drugs act as irritants or vesicants in neonates. Therefore, preventive measures for vesicant extravasation must be performed along with careful infusions. If an extravasation is identified, then early intervention should be provided. Additionally, medical professionals must be aware of all well-known irritants and vesicants that may cause extravasation and their side effects.
